Abstract: ZnO nanoarchitecture-based nano-and microdevices came into the focus due to their multifunctional operation. In this work, we summarize cost-effective procedures to grow ZnO nano-and microstructures, namely hydrothermal growth and electrochemical deposition. These techniques allow the controllable growth of ZnO nano-and microarchitectures at relatively low temperatures, below 100
Introduction
At present, there exists emerging interest in the synthesis and applications of ZnO nanomaterials at relatively lower temperatures, especially below 100
• C. ZnO is a key multifunctional material exhibiting semiconducting, magnetic, and piezoelectric properties [1, 2] . It has a wide direct band gap of 3.37 eV at 300 K, large exciton binding energy of 60 meV, and excellent chemical, mechanical, and thermal stability and biocompatibility [1] [2] [3] [4] . New devices based on nanoarchitectures such as nanowires, nanotubes, and nanorods have attracted vast and persistent attention for a variety of applications, including detecting ultraviolet (UV) radiation, gas sensing, and detecting chemical and biological molecules [1] [2] [3] [4] [5] [6] [7] [8] . It is of major interest to fabricate new multifunctional devices. That is why it is important to develop a well-controlled technology to grow ZnO that exhibits the most abundant configurations of nanostructures. In this work, we will review some cost-effective procedures to grow ZnO nano-and microstructures at relatively lower temperatures below 100
• C and their characterization, sensing mechanisms, and applications in different device structures. * Correspondence: oleg.lupan@chimie-paristech.fr
Hydrothermal growth of ZnO nano-and microstructures

Experimental details on growth of pure ZnO nano-and microstructures
The previous work by Lupan et al. [4] reported a technology that permits rapid and controlled growth of ZnO nano-and microrod arrays of 1D rods, 2D crosses, and 3D tetrapods without the use of templates or seeds. In this case, zinc sulfate [Zn(SO 4 )·7H 2 O] and ammonia (NH 4 OH) (Fisher Scientific, reagent grade, without further purification) were used for the synthesis of ZnO nano-and microarchitectures, and 0.1-0.15 M Zn(SO 4 )·7H 2 O and NH 4 OH (29.6%) were mixed with 100 mL of deionized (DI) water until complete dissolution at room temperature, i.e. until the solution became colorless. The substrates were kept in a SnCl 2 /HCl solution for 3-5 min and then rinsed with a jet of DI water. Finally, the glass, quartz, and Si substrates were placed inside an aqueous solution in a reactor, which consisted of a glass beaker (5 cm in diameter) with a spherical concave cap with a radius of curvature of 10 cm and an orifice (1 mm in radius) on the side. The setup was mounted on a hot plate, and the temperature was quickly increased to 90-95 • C and kept constant for 15 min without any stirring. Manipulation and reactions were carried out in air inside a fume hood. In this experiment, ZnO nano-and microcrystals were formed at a pH value of 10-11 [4] .
The surface morphology of the rods was investigated by scanning electron microscopy (SEM). Typical SEM images of the ZnO nanorod arrays and individual microrods are shown in Figure 1 [4] . The overall morphology of the ZnO nanorod arrays on a glass substrate is shown in Figure 1a , which indicates that the obtained product consisted of nanorods with an average diameter of 300 nm. The lengths of the ZnO nanorods were about 2 µ m. ZnO nanorods with diameters of 100 nm were also synthesized on quartz with the same method ( Figure 1b) . The morphology of the ZnO nanorods grown on Si is shown in Figure 1c . The SEM images of ZnO samples after rapid thermal processing at 650-750
• C do not differ from those shown in Figures 1a-1c .
New 1D, 2D, and 3D ZnO branched microrods are presented in Figures 1d-1f . According to the experimental results, the branched architectures obtained by the proposed process can be easily transferred to other substrates and handled by focused ion beam (FIB) in order to fabricate different nano-and microdevices (Figure 1f ). The inset in Figure 1f shows an individual tripod picked up by the in situ lift-out needle in the FIB system. The insets in Figures 1a-1c correspond to high-resolution SEM images taken of single rods and display the hexagonal base of nano-and microrods on different substrates [4] .
The corresponding transmission electron microscopy (TEM) images and selective area electron diffraction Figure 2b it is perpendicular to the c -axis. With TEM characterization we found that the nanorods and branched microrods were straight and with a smooth surface [4] . By employing a similar technique, different morphologies of ZnO nano-and microarchitectures were grown as reported in a previous work [5] . [ 
Experimental details on hydrothermal growth of doped ZnO nano-and microstructures
For the synthesis of doped zinc oxide nanostructures it is important to have good control over the technological parameters to achieve the desired results. We will first summarize the experimental data reported by Chow et al. [6] . ZnO and Cu-doped ZnO low-dimensional rods were grown by a procedure discussed in detail in previous reports [4, 9] . P −type Si (100) substrates were used for the synthesis of the ZnO and Cu-ZnO material. First the silicon (Si) substrates were cleaned as reported before [10, 11] . Zinc sulfate heptahydrate was first dissolved in 100 mL of DI water, and then 50 mL of ammonia (29.3%, Fisher Scientific) was added and stirred for 10 min to mix completely at room temperature. The first set of pure ZnO nanorod (#1) samples was synthesized using
. The second set of samples (#2) was prepared using 0. Subsequently, the resulting aqueous solution was poured into a 120-mL reactor (75% filled) [4] . The vessel was placed on a preheated oven for 20 min at 95
• C and then allowed to cool down to room temperature in 40 min.
After the reaction was completed, the grown ZnO nanorods on the substrates were rinsed in DI water for 2 min and then the samples were dried in air at 150
• C for 5 min. Manipulation and reactions were carried out in air inside a fume hood [4, 6] .
A systematic investigation of Cu-doping effects on the properties of ZnO quasi-one-dimensional structures was performed using several techniques [4, 6] . The insert in Figure 3 shows the SEM image of Cu-doped ZnO grown by hydrothermal technique at 95
• C in 20 min. Low-dimensional rods of ZnO can be seen as agglomerations on the substrate. Later these structures can be transferred and dispersed on other substrates, as was described in previous works [4, 6, 8, 9] . No differences in morphology were observed at concentrations as low as 0.5% Cu in comparison with pure ZnO as reported previously [8, 12] . Figure 3 shows the X-ray diffraction (XRD) patterns of the Cu-doped ZnO nanorods deposited at 95
• C. (Schoenflies notation); a = 0.3249 nm, c = 0.5206 nm) [6] . The prominent (002) plane is observed in all samples (0%-3% Cu in ZnO), which is the most dense plane in wurtzite ZnO [6, 13] .
In order to investigate the influence of copper doping on the Raman scattering in ZnO nanostructures, room temperature micro-Raman spectra of all samples were explored. In group theory Γ opt = A 1 (z) + 2B 1 + E 1 (x, y) + 2E 2 , where x, y , and z represent the polarization directions. A 1 and E 1 modes are polar and split into TO-transverse optical and LO-longitudinal optical components [6] . The E 2 modes are Raman-active only. The B 1 modes are infrared and Raman-inactive or silent modes. It is known that the E 2 (low) mode in zinc oxide is associated with the vibration of the heavy Zn sublattice and the E 2 (high) mode involves only the oxygen atoms. The E 2 (high) mode is characteristic of the wurtzite phase material [6, 9] . Figure 4 shows the micro-Raman spectrum of Cu-doped ZnO along with the spectrum of the undoped ZnO for comparison. They are clearly indicative of good wurtzite structure of pure and doped ZnO material. No Raman peaks of CuO or Cu 2 O appeared in the spectrum of the Cu-doped ZnO nanostructures, indicating no secondary phase in copper-doped samples, which is consistent with the XRD results. From Figure 4 one observes the effects of Cu-doping on the E 2 (high) mode of ZnO since its intensity decreases. The Raman spectrum indicates a shift in signal at ∼ 437 cm −1 for Cu-doped ZnO, which was observed in ZnO:Cu grown by other techniques [6, [14] [15] [16] .
The Raman line of the E 2 (high) mode becomes broad and weaker, which means that the wurtzite crystalline structure of ZnO is weakened by high Cu doping [6, 14] and due to formation of complex defects
in Cu-ZnO. The frequency shift was explained by alloy potential fluctuation using a spatial correlation model by Samanta et al. [17] . The intense peak near 439 cm −1 due to the E 2 (high) mode ( Figure 4 , curve 1) displays a clear asymmetry toward low frequencies [6] . The asymmetric line shape was analyzed in detail by Cusco et al. [18] . It could be successfully explained in terms of resonant anharmonic interaction of the high-E 2 mode with a band of combined transverse and longitudinal acoustic modes, as the steep variation of the 2-phonon density of states around the high-E 2 frequency leads to a distorted phonon line shape. One can suggest that mixing 2 different cations through doping in aqueous solution could affect the local polarizability by charge distribution and result in at least 1 vibrational mode being strongly influenced [6, 19, 20] .
Electrochemical deposition of ZnO nanowires
Electrochemical deposition of pure ZnO nanowires
Another cost-effective approach to synthesize zinc oxide nanostructures is electrochemical deposition (ECD).
Well-aligned arrays of ZnO nanowires (ZnO NWs) were grown by the ECD method from a 0.2 mM ZnCl 2 (Merck, 99%) aqueous solution maintained at 85
• C as reported before [21] [22] [23] [24] . For the supporting electrolyte, 0.1 M potassium chloride (KCl) (Fluka, 98%) was employed to ensure a good electrical conductivity in the aqueous solution (Milli-Q quality water). The ZnO NWs were grown on conductive indium-doped tin oxide (ITO) film on a glass substrate with a sheet resistance of 15 Ω/□ . Electrodeposition was carried out potentiostatically at -1.05 V using an Autolab PGSTAT30 potentiostat/galvanostat and with rotation of working electrode (WE) (with constant speed of ω = 300 rpm) [24] . The potentiostat was monitored by the Autolab software. The pH of the solution was initially 5.5. The 3-electrode electrochemical cell was mounted in a thermoregulated bath and the temperature was fixed at 85
• C with an uncertainty of ± 0.2 • C. The electrolyte was saturated with pure oxygen by bubbling for 45 min prior to the start of the electrolysis and continuously during the growth process. The growing process ended in 9000 s when the total passed/exchanged electrical charge reached 14.0 C/cm 2 [24] .
In SEM images ( Figure 5 ), the layer appears to be homogeneous and uniform. The nanowires are vertically oriented and well aligned. The average size is ∼160-220 nm in width and ∼ 4-5 µ m in length. Their density 
Electrochemical deposition of doped ZnO nanowires
The electrodeposition procedure was performed in a classical 3-electrode electrochemical cell using a solution
KCl as a supporting electrolyte, and continuous bubbling of oxygen in a bath solution [21] [22] [23] [24] [25] [26] [27] [28] . Two different concentrations of CuCl 2 (99.99% CuCl 2 · 2H 2 O, Aldrich)
were investigated (3 µmol L −1 and 6 µ mol L −1 ) [27] . The substrates used were glass sheets coated with F-doped polycrystalline SnO 2 (FTO) (resistance of 10 Ω/□ ). The FTO substrates were mounted as a WE for electrochemical deposition. Before deposition, the substrates were cleaned sequentially in acetone and then ethanol (95%) for 6 min each in an ultrasonic bath, followed by rinsing with abundant DI water (18.2 M Ω cm) flow. Afterwards, these substrates were immersed in HNO 3 (45%) for 2 min in the ultrasonic bath and finally cleaned in DI water in the ultrasonic bath for 5 min and dried in air flux. The conducting cleaned FTO substrate was used as the WE. Contacts were performed with Cu wire and at the end by In-Ga eutectic to ensure good conductivity between the substrate that acted as the WE and the rotating support. Electrodeposition was carried out potentiostatically at -1.0 V versus the SCE reference electrode using an Autolab PGSTAT30 potentiostat/galvanostat and rotating WE (with constant speed of ω = 300 rpm) [27] . More details can be found in a previous report [27] . Afterwards it was subjected to thermal annealing in air at 250
• C for 10 h.
The epitaxial ZnO NWs were grown on p -GaN (TDI Inc. Corporation) according to the procedure described elsewhere [26, 27] . The deposition time was 5400 s. The heterojunction was annealed for 10 h at 250 • C. In experiments performed by Lupan et al. [27] , 3 sets of samples were prepared: #1 -pure ZnO NWs; #2 and #3 -ZnO NWs grown from a bath containing 3 and 6 µ mol L −1 CuCl 2 ·2H 2 O in electrolyte, respectively [27] . Figure 6a shows typical cyclic voltammograms of the real FTO-electrolyte interface recorded upon a first voltammetry scan started at the rest potential on the bare FTO electrode [27] . It was recorded in zinc chloride solution (0.2 mmol L −1 ) under continuous oxygen bubbling. Oxygen was bubbled for 60 min before starting the experiment. When both zinc and oxygen are present in the electrolyte, one can observe a cathodic wave starting at -850 mV vs. SCE with a maximum current density of 0.86 mA/cm 2 at -1.3 V vs. SCE, which can be assigned to the electrochemical reduction of molecular oxygen. The small hysteresis is due to the covering of the FTO surface by ZnO upon the forward scan [27, 28] . In the reverse scan, the current density decreased rapidly for pure ZnO (Figure 6a , curve 1). In the case of the solution containing Cu(II), the current on the negative-going scan was higher, showing an electrocatalytic effect of the deposited layer for molecular oxygen reduction. This was confirmed on the positive-going scan with the presence of a diffusion plateau extending over 360 mV ( Figure 6a , curves 2 and 3). Afterwards, the reverse scan current decreased rapidly from -940 mV (vs. SCE), with a monotonic decrement up to -350 mV (vs. SCE), and then leveled off with a weak peak current of 30 µ A cm −2 for pure ZnO (curve 1) and more evident anodic peaks of current for curves 2 and 3.
The crossover between anodic and cathodic scans is evident and can be assigned to the deposition of metallic Zn under sufficiently negative polarization and its reoxidation at positive potentials. The anodic shift of the cathodic scan becomes prominent with increasing CuCl 2 concentration from 3 to 6 µ mol L −1 in the bath. One can also observe 2 successive cathodic waves on the positive-going scan, which are the signature of the presence of copper [27] .
From Figure 6a , a deposition potential of -1.0 V was chosen for the synthesis of the NWs due to the window between -0.8 V and -1.2 V (vs. SCE) suitable for ZnO formation in the presence or absence of copper [27] . In Figure 6b , growth curves at constant applied potential of -1 V/SCE for samples #1-3 on FTO with a rotation speed of 300 rpm are shown. Line 1 corresponds to the deposition of pure ZnO. Lines 2 and 3 represent curves for baths with 3 µ mol L −1 and 6 µ mol L −1 CuCl 2 respectively at T = 90
• C. Figure 7 shows the SEM images of pure and Cu-doped ZnO NWs grown on FTO substrates at 90
• C. No difference in SEM images was found between pure ZnO and ZnO:Cu (0.8%). No second phase could be observed even at the highest concentration. Analyses by energy dispersive X-ray spectroscopy were done to estimate the atomic Cu content in the films prepared in the presence of copper chloride [27] . The molar ratio between copper and zinc in the ZnO NWs increased with the copper bath content and was significantly lower than that in the deposition bath.
[Cu]/[Zn+Cu] at.% content in zinc oxide nanowires was found to be about 0.8% and 1.2% for samples #2 and #3, respectively [27] .
XRD studies of the crystal structure indicated only peaks of ZnO in pure and in Cu-doped ZnO NWs, along with the reflections from the FTO substrate (Figure 8 ) [27] . Figure 8a shows the XRD patterns recorded in the range of 10
• -90
• with a scanning step of 0.02 card for ZnO (JCPDS 036-1451) [13] . XRD shows overexpression of the (002) plane, suggesting a preferential growth direction for most of the NWs. Since no copper-related peaks were observed after annealing in XRD patterns, the formation of Cu-based clusters on ZnO nanowires can be excluded within the detection limit [27] . This means that copper does not change the wurtzite structure of ZnO. However, a shift of about 0. To study the effect of Cu-doping on the crystallinity of the ZnO nanowires, the intensities of the (100) and (002) diffraction peaks were monitored as shown in Figure 8b . The intensity of the diffraction peaks (100)
increased for Cu-doping in sample #2 and remained the same for sample #3 compared to pure ZnO NWs (see Figure 8b ). However, the full width at half maximum (FWHM) increased for Cu-doped samples (see Figure   8b ), as presented in detail below [27] .
As shown in Figure 8b , the ZnO XRD diffraction peaks are shifted by ∼ 0.06
• to higher 2 θ angles for 
Device applications from ZnO nano-and microstructures
Nanofabrication of undoped ZnO nanosensors by in situ lift-out technique
In this section, the in situ lift-out technique used to fabricate nano-and microdevice structures is described. Si/SiO 2 wafers were used as intermediate substrates for ZnO tripod transferring and distribution in order to avoid charging problems in the FIB system. For the nanosensor preparation, a glass substrate was used and Al electrodes were deposited as a template with external electrodes/connections [8] . Usually a microscope and a micromanipulator for the ex situ lift-out technique are used to separate individual ZnO nanorods in order to be easily attached to the in situ FIB needle [8] . A magnification of 100× was used to separate ZnO nanorods transferred to intermediate Si/SiO 2 substrate and distribute them on the surface for easy pick-up. A magnification of 6500 × was used to position a needle on the ion optic axis and to lift the single ZnO branched nanorod-tripod away from the Si/SiO 2 substrate [8] .
A micromanipulator mounted beside the stage used in our work permits movements on the nanometer scale along the x, y , or z directions. A sample on the stage can be independently rotated perpendicular to the ion beam, which enables easy arrangement of single ZnO branched nanorod on the nanosensor template with Al contacts as external electrodes [8] .
In the in situ process [8, 32] , it is found that attaching a single intermediate nanorod on the FIB needle ( Figure 9a ) allows for easy pick-up of the branched rod for further handling. This intermediary rod can greatly enhance the nanofabrication capability and reduce the number of steps in the procedure and the total time for nanodevice fabrication [8] . 
Lupan, G. Chai, L. Chow, Fabrication of ZnO nanorod-based hydrogen gas nanosensor, 1211-1216, Copyright (2007), with permission from Elsevier]
The next step in this procedure was to scan the surface of the intermediate Si/SiO 2 substrate for placement of the ZnO nanorod-tripod. The needle was then lowered to the FIB focus with its tip positioned at the close end of the branched nanorod, as shown in Figure 9a [8] . Before attaching the selected branched nanorod it is recommended to push it in order to make sure that it is not attached firmly to the substrate and that the branches are strong enough to be transferable. The needle was then lowered until the tripod was attached to the end of the FIB needle, as shown in Figure 9b , using Pt deposition of 0.5 µ m in thickness. Following this step (Figure 9b) , the needle and specimen were moved away from the substrate [8] . Figure 9c shows the nanorod on the substrate using a micromanipulator on the nanodevice substrate/template (see inset in Figure 9b ) with predeposited Al external electrodes. In this step, the needle was lowered and repeatedly swept across the substrate until the nanorod brushed against the support and became attracted to it. If the nanorod does not initially lie flat on the substrate, then it will be extremely difficult to realize good contacts with external electrodes. This situation will often happen in the case that an intermediate nanorod is not used or if the selected nanorod is not flat on the intermediate Si/SiO 2 substrate (Figure 9a ) [8] . The last step consists of positioning of the tripod nanorod, then fixing it to one of the predeposited external electrodes. The nanorod is then cut and the needle raised away from the substrate. Figure 9c shows the single ZnO branched nanorod-based sensor fabricated by this nanotechnology [8] . The typical time taken to perform this in situ lift-out FIB nanofabrication is 30-45 min. The nanorod synthesis being done in 10 min contributed to overcoming some obstacles and the conception that nanorods/nanowires are not convenient [33] for sensor production. The technique as described in detail makes it easier to learn and apply nanofabrication steps using easily transferable nanorods (avoiding nanorods agglomerations) fabricated by our method, especially for new users/operators, and will permit the highest success rate. The authors' success rate using this route with the described steps was > 90%. This minimizes the total time to machine time using FIB/SEM for the experimental nanodevice fabrication and can be extended for other specific devices [8] .
Furthermore, this technology was extended for fabrication of new devices from a more complex nano-and microarchitecture [8, 34, 35] . Next, it was described how to fabricate a device from an individual ZnO tetrapod. To separate an individual ZnO tetrapod for further processing, an in situ FIB micromanipulator needle was used for the in situ lift-out purpose. Details on the in situ lift-out procedure were described in previous works [5, 8, 12, 34, 35] . Lupan et al. [35] found that it was much more difficult to fabricate individual tetrapod-based devices in comparison with the single nanorod/nanowire devices. The main difficulties to be overcome are: 1) an individual ZnO tetrapod has to be transferable from one substrate to another ( Figure 10a) ; 2) the angles of tilt in the FIB chamber must be well aligned with both the initial substrate (Figure 10a ) and the template substrate ( Figure 10b) ; 3) the FIB needle with tetrapod ( Figure 10b ) must be positioned very accurately with nanometer precision in order to avoid breakage of the tetrapod junction. Three metal contacts were fabricated in order to connect external Au electrodes with the 3 legs of an individual ZnO tetrapod on glass substrate (Figure 10b ). The fact that the tetrapod is a 3D object makes it more difficult in general [35] .
First the intermediate nanorod was attached to the FIB micromanipulator tip as described in previous works [5, 8, 12, 35] . Previous studies [5, 8, 12, [34] [35] [36] found that attachment of a single intermediate rod on the top of the FIB micromanipulator tip will permit an easy pick-up of the selected tetrapod to be further handled. Next, the tip of the intermediate nanorod is brought into focus and lowered toward the ZnO tetrapod. The tip is positioned at one leg of the ZnO tetrapod and connected to one leg of the ZnO tetrapod as shown in Figure  10b . FIB-enhanced chemical vapor deposition is then used to deposit Pt thin film of 0.5 µ m in thickness to join the tip to one leg of the ZnO tetrapod [35] . In the next step, the tetrapod was transferred and then mounted with one leg to the sensor substrate by using FIB-enhanced chemical vapor deposition with Pt deposition (Figure 10c ). The tetrapod was cut from an anchor point (end of intermediate point nanorod) and the needle rose away from the substrate (Figure 10c ). Figure 10d shows the fabricated single tetrapod-based sensor with 3 legs connected to external electrodes. The fourth arm is pointing upward. The main advantage of this in situ lift-out procedure is a quick verification/testing of the concept of novel device designs in addition to being compatible with micro-/nanoelectronic device fabrication [35] . Figure 11 shows the gas response of the ZnO tetrapod-based multiterminal sensor to 100 ppm H 2 at room temperature. When exposed to 100 ppm H 2 , a sharp increase and then slow decrease in the gas response was observed [35] .
When a pulse of hydrogen was introduced, the response increased sharply again followed by a saturation region. All responses were studied for different leg pairs and we found that they were all similar to each other; therefore, only results from 1-2 will be presented here [35] . Figure 12 shows the response test of a ZnO tetrapod-based sensor in various gas environments such as 100 ppm H 2 , CO, i -butane, CH 4 , CO 2 , and SO 2 at room temperature. It is noted that the response to H 2 and CO gas is significantly higher than those to other gases. For a single ZnO tetrapod sensor, the response to 100 ppm H 2 is > 6 times higher than the response to 100 ppm CH 4 , CO 2 , and SO 2 [35] . Several factors determine the gas sensing mechanism of ZnO micro-and nanowire/nanorods [37] . Initially, when metal oxide wire is placed in air atmosphere, the adsorbed oxygen (O − 2 and O − ) extracts electrons from the conduction band and an electron depletion region is formed, which leads to the increase of the resistance of individual nanowire. The exchange of electrons between the bulk of ZnO NW and the surface states takes place within a surface layer [37] . The thickness of this surface layer is of the order of the Debye length/radius (λ D ). This exchange will contribute to the decrease of the net carrier density in the nanowire conductance channel.
This will also lead to band bending near the surface for conduction and valence bands. The gas response of the resistive sensors in ambient medium is given by the following equation [37] :
or by following [38] :
where G g and G a are the conductance of ZnO nanowires in H 2 gas and in air ambient, respectively, and n 0 is the carrier concentration in air. V Sa and V Sg are the adsorption-induced band bending in air and in H 2 gas, respectively. According to the last equation, enhancement of H 2 gas sensitivity can be realized by controlling the geometric factor (4/D), electronic characteristics (εε 0 /en 0 ) , and adsorption-induced band
due to adsorption on the ZnO nanowire surface. This can be done by doping, which is our next case, or by using modulation of operation temperature, which is not desirable for H 2 sensors on single ZnO nanowire as discussed above. Another way is to make use of geometric parameters, which was realized in our experiments [37] .
Nanofabrication of sensors from doped ZnO nano-and microstructures by in situ lift-out technique
The in situ lift-out procedure, described in previous works [6, 8, 12, 37] , was used to fabricate a double rod-based sensor. Details of the FIB fabrication process can be found in previous works [6, 8, 12, 37] .
Briefly, first 4 external contacts were made, as shown in Figure 13a [6] . Under the second set of contacts a hole was cut in order to allow the entire surface of the wire to be exposed. This is a demonstration of a concept that can be built with different structures for a variety of possible future applications. The tungsten needle with an intermediate microrod was then used to place selected rods at designated places, as shown in Figures 13b and 13c [6] . Figure 13d shows the fabricated double-rod-based sensor used for comparison under the same conditions with a single ZnO rod and a single Cu-ZnO rod [6] .
The fabricated double-rod ZnO and Cu-ZnO-based sensor was put in a test chamber to detect H 2 and other gases, such as O 2 , CH 4 , CO, LPG, and ethanol. It was found that with H 2 gas introduction the resistance of the sensor changed [6] . After the exposure to hydrogen, the sensor was maintained for a recovering period in air. The room-temperature sensitivity of the single-rod ZnO and single-rod Cu-ZnO sensor to 200 ppm H 2 is shown in Figures 14a and 14b [6] . Response time constants for Cu-ZnO are faster, on the order of 30 ms, and 40 ms after the H 2 test gas is injected the signal reaches the equilibrium value. The relative resistance changes were about 44% [6] . The resistance was restored to 10% above the original value within 50-90 ms of introducing clean air. This suggests a reasonable recovery time. The sensor showed relatively fast response and baseline recovery for 200 ppm H 2 detection at room temperature. For comparison, pure ZnO rod-based sensor gas response is shown in the same figure. Chow et al. [6] found that sensitivity was about 10 times lower with a much slower time response. For comparison, sensors made from rods with lower Cu-doping were also tested [6] . An improvement of sensor response was observed: about 25% and 35% for 0.5% Cu and 1% Cu doping, respectively. A significant improvement in comparison with pure ZnO-rod based sensors was obtained for rods doped in the range of 2%-3% Cu in ZnO and almost similar results were obtained, at about 40% and 44%, respectively. The resistance was restored to 10% above the original value within 25 s and 19 s after introducing clean air for 0.5% Cu and 1% Cu doping-ZnO sensors, respectively [6] .
In order to test the selectivity to H 2 of our Cu-ZnO sensor, the response to C 2 H 5 OH, O 2 , CH 4 , and LPG was investigated and is summarized in Figure 14b [6] . One can see that the Cu-ZnO sensor's response to 200 ppm LPG and 200 ppm CH 4 is lower in comparison with its response to hydrogen. These data show the high selectivity of the fabricated sensor structure and the high prospect of Cu-doped ZnO as a material for miniaturized sensors operating at room temperature. Chow et al. [6] discussed the proposed sensing mechanism of a Cu-ZnO rod in comparison with pure ZnO. According to the results presented in Figure 14a , one can conclude that the Cu-ZnO sensor has a higher gas response and most importantly faster response and recovery times than the pure ZnO sensor. The factors influencing gas sensing properties of zinc oxide materials and their fundamental mechanisms are still under debate. However, one can conclude that the gas response is affected by depletion region sizes, concentrations of charge carriers, and defect states (e.g., oxygen vacancies V O ), which favors more oxygen to be adsorbed on the surface and respectively a higher gas response [6] . Another approach to improve the gas response is to use thinner and doped nanowires, which is described below.
Nanosensor applications from doped ZnO individual nanowire
Individually separated Cd-doped ZnO nanowires (NWs) were released from an array of as-grown NWs (see Lupan et al. [39] ) by sonication in ethanol and subsequently transferred to a SiO 2 -coated Si substrate or by a direct contact of the sample with a clean Si wafer. Several devices were fabricated using Cd-ZnO NWs with lengths of between 2 and 3 µ m and radii of between 40 nm and 100 nm, which showed reproducible electrical responses. The current-voltage (I-V) curves of the nanosensors measured at 300 K show a linear behavior [39] . The NW dark-resistance of ∼6 k Ω in air at atmosphere pressure is assigned to oxygen molecules and water molecules adsorbed on the NW surface, which are expected to capture free electrons [37, 39] , as well as to the protonic conduction on the NW surface. The higher dark-resistance of ∼10 k Ω in dry air is assigned to oxygen molecules adsorbed on the NW surface, which are expected to capture more free electrons. According to Lupan et al. [37, 39] , the gas response is defined as change of the resistance of the sensor in air versus the resistance in the test gas. Figure 15a shows the transient response of ZnO and Cd-doped ZnO-nanowire sensors (curves 1 and 2, respectively) of about 90 nm in diameter upon exposure to 100 ppm of H 2 gas at room temperature. As can be seen in Figure 15a (curve 2), both response (τ r ) and recovery times ( τ f )(τ = |t 90% − t 10% |) were very fast for the Cd-ZnO NW, taking 14 s and 11 s for 90% full response and recovery, respectively. By comparing curve 2 for a Cd-ZnO NW with curve 1 for pure ZnO, a larger and quicker gas response was observed in the case of the doped NW sensor. The changes in the resistance of the sensor after exposure to hydrogen returned to within 10% of the initial value in about 11 s for the doped sample. This is explained by the presence of adsorbed gas molecules, which are desorbed from the surface of the doped ZnO NW faster than in the case of pure ZnO NW. Usually devices are operated at elevated temperatures or under UV light exposure in order to desorb the gas species from the surface of the sensor material [37, 39] . In this case, the larger surface-to-volume ratio of the single-crystalline nanowires offers potential to improve the gas response and selectivity for hydrogen. The proposed gas sensing mechanism was discussed in detail by Lupan et al. [37] and presented above. It was used to develop nanosensors with better performances based on doped nanowires. Figure 15b shows a comparison of the gas response of pure-and Cd-doped ZnO NW sensors (90 nm in diameter) [39] . It can be seen that by doping ZnO with cadmium the gas response to H 2 at room temperature is improved. The inset in Figure 15b shows the single NW contacted by FIB. Figure 15c demonstrates the dependence of the gas response on the diameter of the Cd-ZnO NW-based sensors [39] . The highest gas response (about 274%) was obtained from a sensor based on a single Cd (6 µ M)-doped ZnO NW with a 90 nm diameter [39] . For comparison, 140 nm and 200 nm ZnO NWs show lower responses to H 2 , namely less than 68% and 40%, respectively. Our results demonstrate the validity of thin doped ZnO NWs as H 2 sensors for low temperature operation conditions. Additionally, the power consumption of such nanosensors is ∼ 5 nW, which makes them very competitive for integration in wireless nanosensor networks. The existence of a depletion space charge region at the NW surface [37] [38] [39] [40] can qualitatively explain the dependence of the gas response on the NW diameter (Figure 15c ) [37] .
The factors influencing gas-sensing properties of zinc oxide NWs and their fundamental mechanisms are still under debate. Lupan et al. [37, 39] summarized the factors governing the sensing performance of single ZnO NW sensors. Such discussion can be extended to other metal oxide material nanowires as well. These are: 1) the diameter (D N W ) and aspect/ratio of the individual NWs [12, 37] , 2) gas-induced changes in the depletion region [41, 42] , 3) donor impurities in the NWs [43] , 4) the surface potential [44] , 5) adsorption/desorption enthalpy E des [45] , 6) surface functionalization or charged surface states N s [46, 47] , 7) temperature of operation [48] , and 8) ambient relative humidity RH [37, 39, 49, 50] . Additionally, Lupan et al. [37, 39] presented structural models of the conduction mechanism of single ZnO and Cd-ZnO NWs in air. Since V s is the potential drop across the depletion layer, E c is the lower edge of the conduction band and E F is the Fermi level. Thus, for thicker NWs it can be concluded that the depletion layer does not influence the conduction channel as much as in the case of the thinner ZnO:Cd NWs [37, 39] . In the latter example, the changes of the thickness of the depletion layer have a greater effect on the conduction channel, which leads to higher responses, in accordance with our experimental observations [37, 39] . At the same time, it has to be considered that for a thin ZnO NW (50-100 nm), a Debye length of 20-50 nm is estimated from d = . Such a Debye length is comparable to the NW dimensions. For pure NWs with a diameter of 50-100 nm, the charge depletion region encompasses the entire NW, and flat-band conditions take place. For a high-purity stoichiometric ZnO NW, λ D(a) can be very large due to the decrease of the chargecarrier concentration. In this case, the position of the Fermi level shifts away from the band gap throughout the entire NW and the equilibrium between free electrons and ionized vacancies is achieved, and electrons move without the interference of the electrostatic barrier [39] . If a surface state is present at an energy level below E f under the flat band condition, which applies to the NW in the radial direction, the electrons will be transferred from the E c to these surface states and transfer will occur until E f is constant throughout the surface and the interior of the NW (equilibrium state). Electrons will be distributed homogeneously in the volume of the NW and current flow cannot be varied significantly by adsorbed H 2 molecules on the surface (especially at very low concentrations of ppm or ppb). On the other hand, for metals or degenerate semiconductors, λ D(a) is comparable to the dimension of the atom, which makes it possible to use only ultrathin layers as sensing material. Such ultrathin structures could however generate problems because of the stability of their connections.
In this situation, controlled doping (the density of the conduction electrons n ∼ N d ) or functionalization of the surface is a good approach to tune λ D (or the depletion region) and get enhanced gas response from ZnO NWs. That is why it is important to dope ZnO NWs and to control the position of the Fermi level inside the band gap [37, 39] . Thus, it is possible to control sensitivity, selectivity, and response time of thinner doped NWs.
Conclusion
In this work we present an overview of nano-ZnO synthesis techniques at relatively low temperatures (<100 • C) and using cost-effective approaches. In addition, we summarize their micro-and nanodevice applications, especially for sensing different chemical species. It can be clearly seen that doped ZnO nano-and microstructures offer a possibility to improve sensorial performances for hydrogen gas. The sensing mechanism was discussed and summarized for pure and doped nanomaterials. Considering that hydrogen is a fuel of the future, this work provides an extremely important review for directing synthesis and multifunctional application of nano-ZnO for H 2 nanosensors.
